Introduction: There is a significant need for disease-modifying therapies to treat and prevent dementia, including Alzheimer's disease. Availability of real-world observational information and new analytic techniques to analyze large volumes of data can provide a path to aid drug discovery. Methods: Using a self-controlled study design, we examined the association between 2181 medications and incidence of dementia across four US insurance claims databases. Medications associated with 50% reduction in risk of dementia in 2 databases were examined. Results: A total of 117,015,066 individuals were included in the analysis. Seventeen medications met our threshold criteria for a potential protective effect on dementia and fell into five classes: catecholamine modulators, anticonvulsants, antibiotics/antivirals, anticoagulants, and a miscellaneous group. Discussion: The biological pathways of the medications identified in this analysis may be targets for further research and may aid in discovering novel therapeutic approaches to treat dementia. These data show association not causality.
Background
The current landscape of available treatment options for dementia, including Alzheimer's disease (AD), is limited, and researchers have outlined the need for new initiatives to arrive at much-needed breakthrough medications [1] . Nearly all forms of dementia are irreversible [2] , and instead of offering a cure, available medications only address symptoms of the disease. Currently, the most popular treatment options are acetylcholinesterase inhibitors (AChEIs) which have been the first-line pharmacotherapy for AD for more than 20 years [3] , and memantine, which can be used alone or in combination with an AChEI [4, 5] . The benefits of these treatments are modest in many cases, and they do not reverse the progression of the disease or offer a potential cure. There is a significant need for disease-modifying therapies, and recent progress on the development of such treatments is especially limited when compared with major breakthroughs in other domains such as cancer and HIV [6] . Development of therapeutics for disease modification in AD has been both unsuccessful and limited to a small number of targets [7] . In recent years, there has been an increase in the development of non-amyloid-based therapies, and there is a wide consensus in the field that new approaches are needed to diversify discovery and development to identify truly novel and effective treatments [8, 9] .
Pharmacoepidemiology and observational research has played a role historically in the identification of potential therapeutic targets for disease-modifying treatments to treat dementia. In t' Veld et al. conducted a large populationbased cohort study and examined an association between nonsteroidal anti-inflammatory drug use and the reduced risk of dementia and AD [10] , and others have used similar study designs to detect potential protective effects and/or risks of antihypertensive medications [11, 12] , antioxidants [13] , and hormone therapies [14] . These large prospective observational studies are useful for studying specific treatments of interest, but they are expensive and cannot be easily scaled to study many exposures.
Recently, administrative health insurance claims data have become widely available to researchers. This type of data captures a vast amount of health care information, and when paired with appropriate analytic techniques, it can play a key role in informing therapeutic development [6, 15] . The use of claims data is already seen as a vital resource for studying the safety and effectiveness of medications [16] [17] [18] , but real-world data including administrative health data, electronic medical records, and other population level data might provide insights into disease etiology and mechanisms to contribute to the development of novel interventions. In one of an increasing number of examples of the use of insurance claims data, Zissimopoulos et al. examined potential protective effects of statins on incident dementia within a Medicare population [19] . Here, we aim to expand upon this approach to identify new potential treatment pathways for dementia that can be targets for further future research. Recent improvements in computational efficiency and statistical methodologies allow us to implement approaches not feasible a few years ago, specifically the ability to study the association between thousands of medications with many outcomes in millions of patients. This study leverages the availability of these health care data sources and analytic methods to identify potential new pathways for the treatment of dementia.
Methods
This study used a self-controlled cohort design in which individuals served as their own controls. This design tends to produce less biased estimates with higher predictive accuracy than other more commonly used designs, such as casecontrol studies [20] . Fig. 1 illustrates the study design for a single medication. A separate analysis was run for every medication in the database. This framework was applied to a previous study examining treatments associated with the risk of parkinsonism [21] .
Exposure and control definition
Medications were identified according to the RxNorm ingredient [22] . Individuals were identified at the time they first filled the medication of interest. An exposure period was defined as the period starting with initiation of the medication until discontinuation or end of observation, allowing for a maximum of the medication supply plus a 30-day gap between consecutive fills. The time directly preceding the exposure and similar in length to the exposure period served as the unexposed (i.e., control) period.
Medications primarily given as acute treatments during hospitalizations (e.g., heparin) and single-use rescue medications were excluded. In addition, medications already being used for treating dementia were excluded from the analysis due to the confounded relationship to the outcome introduced by the study design. Because these medications are used to treat the condition, exposure to these medications will typically come after the first diagnosis of dementia and rarely before. This leads to a much higher incidence of the condition in the unexposed period compared with the exposed period and thus artificially reduces the relative risk when using this study design.
Outcome definition
Subjects with an incident dementia diagnosis were identified as those having at least two claims containing a diagnosis for dementia (ICD-9-CM and ICD-10-CM codes in Supplementary Table 1) on distinct service dates and occurring within 12 months of each other. Our dementia definition included AD, primary and secondary vascular dementia, among others. The date of the first diagnosis for dementia was defined as the date of incident dementia diagnosis. The codes used to identify dementia were based on a validation study that found good agreement between these diagnosis codes and a confirmed diagnosis of dementia found in a medical chart review [23] .
Data sources
The analysis was executed in four US-based administrative claims databases. Each database contains data from adjudicated health insurance claims (e.g., inpatient, outpatient/emergency department, and outpatient pharmacy) and health plan enrollment information. Briefly, the four databases included in this study were as follows:
Includes data from 142 million individuals enrolled in employer-sponsored insurance health plans. Data elements included were outpatient pharmacy dispensing claims (coded with National Drug Codes), inpatient and outpatient medical claims which provide diagnosis codes (coded in ICD-9-CM or ICD-10-CM) associated with a visit. The use of the IBM MarketScan and Optum claims databases was reviewed by the New England Institutional Review Board (IRB) and was determined to be exempt from broad IRB approval, as this research project did not involve human subjects research.
Statistical analysis
For each treatment, incidence rates (IRs) of dementia were calculated for the exposed and unexposed periods. For the exposed period, IR exposed is defined as the number of all individuals with incident dementia diagnosed during the exposed period divided by the sum of exposed time across all patients. Similarly, IR unexposed was calculated as the number of all individuals with incident dementia diagnosed during the unexposed period divided by the sum of unexposed time across all exposed patients. An incident rate ratio (IRR) was then calculated as the IR exposed divided by the IR unexposed . If there is no association between the medication and dementia, the expectation is that cases of incident dementia will be equally distributed before and after initiation of the medication, leading to an IRR of 1.0. An IRR .1.0 indicates more cases identified after initiation of the medication, whereas an IRR ,1.0 indicates fewer cases identified after initiation.
We applied three strict criteria to identify medications with potential protective benefits in dementia:
1. The medication must have been associated with at least a 50% reduction in the incidence of dementia (i.e., IRR 0.5), and 2. the association must have been statistically significant (P , .05) in at least two of the four databases, and 3. there must have been no evidence of the contrary association of significant risk between the medication and dementia in any of the databases, defined as having an IRR .2.0 with P , .05. Fig. 1 . The self-controlled cohort study design. An example studying the association between one medication and incident dementia by including all patients who were exposed to the medication. It shows incident dementia occurring during the time a patient was on treatment (patient 1), not occurring in patient's history (patient 2), occurring outside of the observation windows and therefore not counted in either period (patient 3) and occurring during the unexposed control period (patient N). This approach was repeated for all 2181 medications identified in the database.
The IRRs and 95% confidence intervals were reported for analyses in each of the four databases. A metaanalysis with random effects was then performed to pool results across the four databases into a single effect estimate and 95% confidence interval. The I 2 measure was used to measure heterogeneity of the associations across the data sources.
Results
A total of 117,015,066 individuals were included in the analysis across the four databases. There were 2181 individual medications studied, 17 of which met our threshold criteria described previously. Average exposure time varied across the medications; while patients received most of the treatments for an average of 3 to 12 months, the average time on antibiotics was much shorter ( Table 1) .
The 17 candidate medications fell into five main categories: catecholamine modulators, anticoagulants, anticonvulsants, antibiotics/antivirals, and a miscellaneous group.
Some of the most consistent findings were within catecholamine modulators whose pooled effects ranged from a 52% decrease in incidence to a 31% decrease ( (Fig. 2) . A pair of anticoagulants were also found to have a strong negative association with incident dementia-fondaparinux and enoxaparin. There were a handful of antibiotics and an antiviral medication (ampicillin, cefpodoxime, cefuroxime, cefdinir, and emtricitabine) identified in the analysis. In addition, a group of anticonvulsants (valproate, oxcarbazepine, levetiracetam) had consistently strong protective associations. There were several other miscellaneous medications found to have protective associations, including acamprosate (an N-methyl-D-aspartate [NMDA] receptor antagonist and modulator of GABA receptors, used to treat alcohol dependence), quinidine (a class Ia antiarrhythmic agent associated with sodium channel interference), palonosetron (an antiemetic, 5-ht3 receptor antagonist), and pegfilgrastim (a granulocyte colony-stimulating factor). A full list of results within each of the databases and the pooled effects estimates from the meta-analysis can be found in Supplementary Table 2 .
In several cases, the I 2 statistic indicated significant variability (.0.75) across the four data sources. However, this was mostly due to narrow confidence intervals that did not overlap with each other while the magnitudes of the point estimates were qualitatively consistent. For example, the effect estimates for mirtazapine ranged from 0.42 to 0.59, all of which indicate strong protective effects, yet the I 2 is 0.94. Because of this, we examined each effect in the individual databases to infer heterogeneity, rather than relying solely on the I 2 statistic.
Discussion
This study examined the association between more than 2000 medications and their association with incident dementia across four US administrative claims databases. By using strict criteria, we were able to identify 17 medications that showed a strong, consistent, protective association with the dementia outcome. Identifying potential treatment pathways is an important first step to discovering new, effective medications for dementia. The treatments we identified fell into five main categories: catecholamine modulators, anticoagulants, anticonvulsants, antibiotics/antivirals, and a miscellaneous group.
The most interesting of these groups may be the catecholamine modulators as it contains multiple medications working on a specific biologic pathway that could be explored further in a clinical setting. Atomoxetine is a serotonin and norepinephrine reuptake inhibitor used for the treatment of attention-deficit/hyperactivity disorder and is currently being studied for the treatment of patients with mild cognitive impairment [24] . Mirtazapine, a noradrenergic and specific serotonergic antidepressant, has been studied as a potential treatment for agitated patients with AD; however, research never moved beyond a small pilot study [25] . Linezolid, an antibiotic typically used for highly resistant bacteria, is a monoamine oxidase inhibitor and has antidepressant-like properties [26] though it is not used specifically as an antidepressant. The interesting aspect of this group is that each of the three medications are used to treat distinct conditions. Therefore, it is less likely that results are confounded by the presence of a single, common comorbid condition. For example, the negative association between antidepressant use and incident dementia may be partly confounded by the study design: because depression is common among patients diagnosed with AD, it follows that treatment for depression could more often come after a diagnosis of dementia than before, leading to a protective effect estimate. However, the association with atomoxetine and linezolid suggests the findings are due to more than this confounding relationship, as these medications would not be given as antidepressive treatments. This supports a hypothesis that the modulation of catecholamines may affect the development of dementia and deserves further inspection.
A pair of anticoagulants were also associated with a lower incidence of dementia. We examined another common anticoagulant, warfarin, and saw a protective effect, though the association was not strong enough to meet our a priori threshold criteria and therefore was not included in our Linezolid is an antibiotic whose mechanism of action is acting as a monoamine oxidase inhibitor and therefore is included in the category of catecholamine modulators.
results (data not shown). This finding is consistent with recent studies that have found similar, large protective effects of anticoagulants on the onset of dementia [27, 28] , which could be through maintaining cerebral blood flow and decreasing the risk of vascular damage to the brain. Most evidence supporting this association is based on observational research within patients having atrial fibrillation; further evidence from a variety of data sources and a broader population is warranted.
Anticonvulsants also showed consistent protective associations across multiple medications. Current evidence is mixed on the use of these medications for treatment of behavioral symptoms within patients who have dementia [29, 30] and on the association between anticonvulsant use and the incidence of dementia and AD [31, 32] . However, there is evidence that anticonvulsants may have neuroprotective effects [33, 34] , and neuroprotective strategies may be vital in delaying the onset of AD or slowing its progression [35, 36] . In fact, the anticonvulsant levetiracetam is currently being investigated as an AD treatment [37] .
The association with multiple antibiotics and an antiviral medication (emtricitabine used for the treatment of HIV) is interesting. Persistent subclinical bacterial and viral central nervous system infections have been postulated as pathogenesis of dementia [38] ; therefore, it can be hypothesized that antibiotic or antiviral exposure could lead to the successful treatment of subclinical infections avoiding a chronic brain immune response that could lead to accumulation of betaamyloid protein that is the hallmark characteristic of dementia [39] .
There were four other medications that did not fit neatly into the other classes highlighted here. Pegfilgrastim is a granulocyte colony-stimulating factor, a class of medications that has been studied recently for its potential effectiveness as a treatment for AD with promising early results regarding cognition, memory, and behavioral function [40, 41] . Their potential effectiveness stems from their ability to mobilize hematopoietic stem/progenitor cells that promote brain repair by releasing growth factors and immunomodulatory cytokines [41] .
Early research in mice has found that the NMDA antagonist acamprosate, in combination with baclofen and standards of care, may be effective in alleviating cognitive deficits, consistent with the protective association shown in our study [42] . The AD treatment memantine works by blocking NMDA receptor and there has been keen interest in further exploration of NMDA receptor pharmacology for the treatment of dementia [43] .
Quinidine may be effective for treating agitation in Alzheimer's patients [44] , and it is possible that existing use of that medication in already diagnosed patients may be contributing to the protective effects found in this study. We did not find any evidence that the antiemetic palonosetron is being targeted specifically for use in patients with dementia. Therefore, the temporal relationship between use of this medication and disease onset is less confounded by the design of the self-controlled study and suggest further exploration is warranted.
There are several strengths of this study. The selfcontrolled study design allowed individuals to serve as their own control and thus control for any time-invariant covariates (e.g., genetics). The analysis described in this study includes 8724 statistical models, each with a unique combination of exposure, outcome, and database. We applied multiple filter criteria to allow us to review such a vast number of results and avoid erroneous findings due to multiple comparisons and overly narrow confidence intervals associated with the study design. We required that the medication must have been associated with at least a 50% reduction in the incidence of dementia, a very large effect in observational research, and the association must have been replicated in at least one of the other databases. Regardless, potential type 1 error was not a major concern of this study as the goal was to generate new targets for future research rather than to conclude definitive causal effects. Because of the strict filtering criteria, we found that when prior evidence of an association between dementia and a medication was mixed, it typically did not meet our inclusion threshold; for example, simvastatin, for which a large observational study found a strong protective association (HR 5 0.46) [45] , but no association was found in a phase 3 clinical trial [46] or in another observational study [47] . In our study, there was only a slight protective association (meta-analysis HR 5 0.81); consequently, it did not meet our threshold criteria and was not included in our results. Similarly, prior research has found protective associations with use of nonsteroidal anti-inflammatory drugs [10] and potassium sparing diuretics [11] , but in our study, these associations were not strong enough to be included in the results (e.g., meta-analysis HR for aspirin 5 0.60, coxibs 5 0.88, aldosterone antagonists 5 0.87).
Another major benefit of the study design was that it does not require a large amount of computational resources, allowing us to perform the thousands of models relatively quickly, a framework that can then be expanded to any outcome of interest.
Although the self-controlled cohort design accounts for many potential confounding factors, it does not control for time-variant influences. A major risk factor of dementia is age, which varies over the course of follow-up. However, age-and thus risk of dementia-is greater in the posttreatment period versus the control period and more likely to bias the results toward showing a risk of the outcome rather than a protective effect.
There are other limitations to this study. The evidence gathered from this research is based on administrative claims data. Although not perfect, the diagnosis codes used to identify dementia in this study have good validity when compared with diagnoses found in medical charts [23] and comprised a broad definition of dementia with the inclusion of AD, vascular dementia, and other conditions. However, this program of research was designed to identify a manageable number of hypotheses of biological pathways not to confirm a causal association. Results may be biased in the protective direction if the treatment is already being used to treat dementia or conditions that are comorbid with dementia, such as for managing symptoms of agitation and depression. The self-controlled cohort analysis may not be ideal for chronic outcomes due to the limited amount of time patients remain on a medication after initiating therapy. However, if this were true, we would expect no difference in the rate of dementia before or after exposure, which was not the case for the several medications highlighted in our study. This is because individuals with very short exposure periods will add very little information to the analysis due to the exposure and control periods being too short to capture outcomes. Thus, patients with long exposure periods are the ones contributing the most information, and long exposures are most likely to be meaningful for outcomes of chronic conditions such as dementia.
Prior research examining the association between medications and incident dementia has implemented a lag-time into the study design to remove one or two years of observation time which directly preceded the outcome [10, 48] . However, applying this design element into our infrastructure was not feasible. Using a lag in a selfcontrolled cohort design, in which the index date is the date an individual initiated a drug, is not straightforward. Implementing a lag in our study would require that individuals are exposed to the medication for a minimum amount of time, after which outcomes may be captured. A similar lag would also have to be applied to the preexposure control period to minimize any bias due to differing times at risk. This would lead to a large amount of patient follow-up time that is excluded from the analysis, resulting in a much shorter observation time and ultimately a major loss in sample. For example, if a lag of two years is preferred, it would require four years of observation to be ignored (two years before and after initiation of the medication), leaving very few patients with a relevant amount of preexposure and postexposure time during which cases could be captured. Further work may build upon the findings in this paper to create a more tailored approach for a specific exposure of interest in which a study design could be implemented with an appropriate lag time.
This study identified associations between treatments and dementia, and results should not be used to infer causal relationships. Instead, the findings can be used to generate hypotheses for new therapeutic candidates for treating or preventing dementia.
Conclusion
There is a large unmet need for an effective diseasemodifying therapy to treat dementia. The primary treatments for the disease have been around for more than 20 years, and new strategies are needed to help aid the drug discovery process. Our approach used the enormous amount of available, real-world observational claims data to perform large-scale analytics. This allowed us to start by studying the relationship between thousands of existing medications and incident dementia and end up with fewer than 20 medications in a handful of drug classes that may deserve further attention. This approach provides tangible targets for more rigorous research that can aid in the discovery of new and effective dementia treatments. Subsequent work will extend this approach to identify other potential treatment pathways to help accelerate treatments for patients with highly debilitating disorders.
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RESEARCH IN CONTEXT
1. Systematic Review: The authors reviewed the literature using traditional sources (e.g., PubMed, Google Scholar) and online publications (e.g., policy briefs). Throughout the literature, there is an urgency to find effective, disease modifying treatments for dementia, including Alzheimer's disease, by using new research strategies.
2. Interpretation: Using a novel research framework, we studied more than 2000 medications and found 17 were associated with a reduced risk of dementia. The information gained from this study can be used to generate hypotheses for potential new disease modifying therapeutics.
3. Future Direction: New hypotheses regarding effective treatment pathways for preventing, delaying, or reversing the effects of dementia that may be produced from these results include studying the role of: (1) . modulation of catecholamines, (2). maintaining cerebral blood flow via anticoagulants, (3) . the neuroprotective effect of anticonvulsants, (4). granulocyte colony-stimulating factors, and (5). early detection and treatment of subclinical central nervous system infections.
